Abstract Rehabilitation after stroke is imperative for patients with spatial neglect as it can help improve behavioural, social and cognitive outcomes in these patients, and therefore reduce the financial burden on public health services. The main aim of this review is to investigate the effectiveness of active pursuit eye movements for rehabilitation interventions in patients with spatial neglect following stroke. Potential papers for inclusion were gathered by searching key terms in four main databases (AMED, Global Health, PubMed/ Medline and PsychInfo) in addition to screening relevant reference lists. Two reviewers independently selected papers for inclusion based on agreed inclusion criteria (n=9 with 147 participants). Risk of bias was assessed using the QUADAS-2 tool. All papers reported a statistically significant result in patients who received an intervention which used pursuit eye movements, and this was reported both as a short-term (immediate) effect and as a sustained effect up to 8 weeks after treatment. These effects were also reported in comparison with interventions using saccadic eye movements. One study also reported increased neural activity in a number of brain regions following pursuit-based intervention. Overall, there is good evidence in support of pursuit intervention used in the rehabilitation of stroke and spatial neglect over and above traditional interventions based on saccadic eye movements. Future research should aim to increase sampl e sizes, provide information on statistical power, record accurate eye movement responses and use randomised designs to reduce selection bias.
Introduction
One of the major causes for mortality and morbidity globally is damage to the brain as a result of an ischemic stroke or haemorrhage [30] . The majority of strokes are ischemic caused by a blood clot in a blood vessel (artery) supplying the brain, which causes a lack of blood flow and tissue death (known as an infarction). A haemorrhage is the result of a leak or bursting artery in the brain as the result of a trauma or spontaneous bleeding. This damage can lead to differing effects on patients depending on the localisation and severity of the lesion. Damage localised in the right hemisphere can lead to impairments in processing visual stimuli within a particular part of the visual field, a phenomenon referred to as spatial neglect. Patients are more likely to suffer from spatial neglect if the stroke damages specific areas within the brain such as the white matter tracts in the prefrontal cortex [11] , the temporoparietal junction and surrounding cortical areas [28] or the perisylvian areas [16] .
Between three and five million patients experience spatial neglect as a result of stroke every year worldwide [3] with a third of these still experiencing symptoms of neglect a year after the stroke [39] . The most common cause of neglect in humans is large infarctions resulting from ischemic stroke in the right or middle cerebral artery [18] . The presence and severity of spatial neglect is typically assessed using a standardised battery of perceptual tasks. Stroke patients are assessed on their performance on pen-and-paper-based tests including cancellation tasks (using lines, letters, digits or stars), figure copying or drawing (such as producing a clock face) and line bisection [46] . In patients with left visual neglect, impaired performance on these tasks is manifested by rightward bias in the line bisection task, errors in performance on reading tasks and number of omissions in cancellation tasks [13] .
Psychological and clinical research has utilised these tests in order to assess the effectiveness of rehabilitation techniques and improve motor and behavioural outcomes in patients with spatial neglect following stroke. Rehabilitation techniques including neck-proprioceptive training [40] , prism adaptation [31] and transcutaneous nerve stimulation [36] have been developed to improve various motor and behavioural outcomes in patients after stroke. Although spontaneous recovery is possible in some neglect patients [12] , acute stroke can have longterm impairments on an individual's ability to engage in activities of daily living [15] so effective rehabilitation is essential.
Recently, research has investigated the role of eye movements (specifically saccades and smooth pursuit) in rehabilitating patients with spatial neglect. Saccadic eye movements are rapid ballistic movements (velocity between 400 and 800°/s) which are completed in 15-20 ms and are typically used to shift the fovea onto new targets of interest [27] . The neural circuitry involved in performing saccadic eye movements spans across a large part of the brain, with visual information being relayed via occipital, parietal and frontal lobes to the basal ganglia (including the caudate nucleus) as well as to structures within the brain stem including the superior colliculus and the interconnected nuclei in the reticular formation [24] . The majority of saccades we make typically involve bottom-up processing of information, where an eye movement is made in response to a visual stimulus in the environment [23] . In the context of rehabilitation techniques for patients with spatial neglect, bottom-up treatments involve using sensory stimulation in order to improve a patient's visual perception of stimuli in the contralesional space [17] .
In contrast to saccades, smooth pursuit eye movements are used to track moving stimuli in the environment. These eye movements are much slower than saccades with average velocities of 30-100°/s [47] . In addition, pursuit relies on the ability to place the high acuity region of the retina (fovea) onto the moving target. This process requires prediction in order to compensate for the inherent neural lag we have within our visual processing stream [2, 4] . For this reason, pursuit eye movements are thought to use top-down processing (internally driven). In rehabilitation, topdown procedures are used to direct a patient's attention towards their neglected hemispace [17] . In stroke patients, damage to the parietal or frontal lobes can lead to deficits in performing smooth pursuit eye movements [14] as these regions, in combination with areas such as the cerebellum, medial superior temporal and middle temporal areas, are most involved in processing, prediction and relaying visual information [24] . Dong et al. [10] suggested that the assessment of the functionality of the ocular motor system can provide a marker for both cognitive and motor recovery in patients who are mildly affected by stroke. The role of active eye movements in rehabilitation has been increasingly investigated in the literature; however, systematic reviews to date have focused on treatments using saccadic eye movements [25] . A systematic review of research findings on active pursuit eye movements has yet to be published. Hence, this systematic research review aims to establish whether rehabilitation interventions using active (pursuit) eye movements can improve behavioural outcomes in stroke patients. In addition, we will investigate whether there is an optimal intervention strategy to decrease severity of neglect (assessed by behavioural outcomes) in stroke patients, and will discuss the feasibility that improvements in pursuit eye movements from interventions translate into improvements in neuronal activity in these patients.
Method Types of Studies
This review included all controlled studies which used active pursuit eye movements (active being defined as non-reflexive and requires cognitive control, in contrast to passive optokinetic reflexive type responses) as a rehabilitation intervention in stroke patients with neglect. Two randomised controlled studies were included in the review; however, these studies were assessed as being of lower quality (see BQuality Assessment^), two longitudinal studies were included, and three within subject design from the nine studies were included.
Participant Demographics
Participants exhibited visual neglect symptoms following a stroke. Studies were excluded from the review if participants' visual neglect had resulted from other forms of damage to the brain such as a brain tumour or major head trauma. Additionally, only patients who had experienced a single stroke were included in the review.
Search Terms and Intervention Types
This review included any forms of rehabilitation which used active pursuit eye movements. Active pursuit involves following a stimulus with your eyes as opposed to keeping your eye's still in more passive observation. Studies were also included if active eye movement interventions were used in a subgroup or as a control within a study. In order to include alternative definitions of key terms, additional search terms were used in conjunction with stroke and neglect. For instance, the key term of stroke also included lesion and ischemic. The key term neglect encompassed the alternative terms of spatial neglect, visual neglect, unilateral neglect, hemispatial neglect, hemineglect and hemiagnosia. Additional search terms were used to capture alternative terminologies; for example, eye movement* was used in combination with a pre-existing active eye movement intervention (optokinetic stimulation).
Outcome Measures
Behavioural outcome measures that assessed the ability to perform active eye movements were included. The main outcome was patient performance on a battery of standardised assessment measures of neglect including the following: line bisection (perceptual or visuomotor), tactile search, cancellation tests (single or double tasks using digits, lines, shapes or letters) and paragraph or line reading tasks as assessed by error rates, number of leftward omissions or percentage of rightward bias. This review also included outcomes with drawing tasks, such as figure copying (e.g. a clock face), line drawing, and freehand drawing. Papers using neural or cognitive outcomes in these patients were also included.
Identification Process
In order to establish reliability in the identification process search terms were computed in multiple databases by two reviewers independently. The results from the database search were then discussed and confirmed. The key terms were used in the following databases: AMED, Global Health (including in process and nonindexed citations), PubMed/Medline and PsychInfo. Limits were added to the searches in order to exclude non-English papers (for interpretation purposes). Review papers were included in the identification process to allow for screening of reference lists for potential papers which were not retrieved through the database search process.
As previously mentioned, the key terms of neglect and stroke also included commonly used synonyms for these terms (see BSearch Terms and Intervention Types^for further details). A total of 337 papers were retrieved using combinations of key terms in each database which were compiled in Excel for filtering and processing.
Methods of Review
Two reviewers independently selected papers for inclusion in the review based on inclusion criteria (types of studies, participant demographics, intervention type and outcome measures). Eligibility was independently assessed before selecting and cross-checking the data for qualitative and quantitative synthesis. Discussions were held to overcome any differences in opinion and to confirm data for inclusion in the review (see Fig. 1 ).
After synthesising the relevant papers, the main characteristics and variables were extracted using forms in accordance with the QUADAS-2 tool [45] . These variables included the study design, sample size, information regarding the patient's lesion (location, severity and time after stroke), the rehabilitation procedure and associated outcome measures, and the reported results. Studies were excluded if key data for more than two of these outcome measures were not reported or were unclear. In papers where active eye movements were not the main manipulation of the study (for example [37] ) only data from the relevant subgroup or control condition were used. The methods of assessing neglect were also extracted to enable comparisons to be made between participants across the papers included in this review. The principle summary measures used in the papers were the difference in means whereby a participant's score on a test at baseline was compared to their score on the same test after the rehabilitation or control procedure.
Quality Assessment
Methodological quality was assessed for studies included in the review using the Physiotherapy Evidence Database (PEDro) scale [42] . Papers were assigned a quality score from 1 to 10 where studies scoring 6 or above are deemed to have good methodological quality. This scale has good reliability [26] and validity [29] and is specifically for use on clinical and experimental research investigating the rehabilitation of stroke patients.
Results
From a total of 340 papers retrieved via database searches and other sources, 9 papers were included in this review. Figure 1 illustrates the number of articles received at each of the stages in the review from identification, screening, eligibility assessment to the final total. Nearly half the papers which were initially identified were found to be duplicates. Of the remaining, many did not meet the inclusion criteria (see BMethod^) for example using passive rather than active eye movements or were a non-research paper (for example, a review article). The papers which were removed in the qualitative synthesis were excluded due to the lack of a control condition or due to unclear reporting of outcome measures (this was particularly seen in papers where neglect patients were included as a subgroup). The main study characteristics and variables of those retained in the review are presented in a table format in Appendix item 1.
Neglect Assessment and Outcome Measures
All studies (n=9) with the exception of one [35] provided some information regarding participants lesions, including the period of time since the stroke occurred. All studies used either a standardised test of neglect or had adapted tests from standardised versions; for example, one study [19] had adapted the standardised tests to allow for administration by the bedside. All studies used these neglect tests as an outcome measure. In the studies using reading tasks, performance on the task was associated with patients' ability to perform activities of daily living due to its importance in everyday life.
Participant Demographics
There were a total of 147 participants across experimental and control conditions in the nine studies, with an age range of 29-83 years and 30.1 % female. Of these participants, 22 patients had had a haemorrhage, 106 experienced visual neglect following an ischemic stroke or infarction and 3 had experienced bleeding. Information regarding cause of lesion was not provided for 16 participants.
Type of Rehabilitation Intervention
The main types of active eye movement interventions identified in the papers were smooth pursuit training (SPT) and leftwards moving optokinetic stimulation (OKS).
Smooth Pursuit Training
Two studies (69 participants) used smooth pursuit training (SPT) as an intervention, assessing patient outcomes immediately and two weeks after treatment [19, 22] . Both studies were of high quality (receiving a PEDro score of 7) using a randomised design where the intervention was administered to patients no more than a month after stroke. The first study used 5×50-min sessions (total 250 min) of SPT with standardised neglect tests as an outcome measure [22] . This study reported a significant main effect on paragraph reading (p<0.001), significant reductions in rightward bias in both perceptual and motor line bisection tasks (p<0.05), and finally a significant reduction in leftward omissions in the single and double digit cancellation tasks (p<0.001) compared to baseline performance (pre-intervention). All these findings were sustained 2 weeks following treatment. No significant results were reported for the saccadic eye movement intervention of visual scanning therapy (VST) on any of the neglect tests (p =0.11-0.37). Effect sizes (Cohen's d) were reported based on neglect severity, with small effect sizes in mild neglect patients in the SPT group (0.1 to 2.2) and moderate effects sizes in the VST group (−0.5 to 0.5). In patients with severe neglect, large effect sizes were reported in the SPT group (0.7-0.9) and small to moderate effect sizes in the VST group (−0.3 to 0.5).
The second study by Kerkhoff et al. [19] used 20× 30-min (total 600 min) sessions of SPT with adapted neglect tests as an outcome measure so they could be used by a patient's bedside. They reported significant differences in scores on the Unawareness Behavioural Neglect Scale (UBNS) compared to baseline after SPT (mean difference=0.37, p=.001) which was sustained at follow-up 2 weeks after intervention. The study also found significant differences in participant scores on the Functional Neglect Index (FNI) compared to baseline which was also sustained at follow-up (mean difference=7.0, p<0.001). VST did not significantly influence scores on the UBNI tests (smallest p=1.0); however, VST did significantly improve outcomes on the FNI which was sustained at follow up (mean difference=2.83, p=0.01).
Optokinetic Stimulation Intervention
The remaining seven studies (78 participants) used OKS as an intervention in stroke patients. These have been split up by study design and will be discussed in order of methodological quality (highest to lowest).
Randomised Controlled Design (N=2)
Only two of the seven studies used a randomised controlled design. The first [20] investigated the effects of 20 50-min sessions (total 1000 min) of OKS on a reading task and two neglect tests. They reported that OKS reduced directional biases, mainly rightward bias in horizontal line bisection (p<0.001) and leftward omissions in digit cancellation (p<0.05) and reading task (p<0.05) compared to baseline scores. All OKS-associated improvements in neglect tests remained stable at 2 months follow up. VST was reported to have significantly reduced rightward bias in line bisection compared to baseline (p<0.001). A PEDro score of 7 was given to this study based on its methodological quality.
The second randomised controlled design involved 20 sessions of OKS which was combined with saccadic exploration training for between 25 and 40 min long (total 500-800 min) with neglect tests, freehand drawing, reading and writing as outcome measures [41] . This study reported a significant improvement in performance overall on the neglect (mean=5.11, SD=0.53) measures compared to baseline (mean=3.20, SD=1.23) which was sustained at follow-up 1 week post-intervention. They reported no significant changes in neglect tests outcome scores in the VST condition (mean = 3.55, SD = 1.12) compared to baseline (mean=3.15, SD=1.38). OKS also significantly improved paragraph reading and writing outcomes (mean=1.70, SD=0.24) compared to baseline (mean=1.20, SD=0.29). This study was given a PEDro quality assessment score of 6.
Longitudinal Design (N=2)
There was one longitudinal study which did not use a randomised controlled design; instead, patients were matched by neglect severity [21] . This study used four neglect measures to assess the effect of five 40-min sessions (total 200 min) of OKS. The study reported improvements in the reading task (p<0.001), decreased percentage of leftward omissions in the cancellation task (p<0.001) and reduced rightward bias in both perceptual and motor line bisection (p<0.001) following OKS. These findings were maintained 2 weeks postintervention (p<0.05). VST was reported to significantly reduced rightward bias in perceptual line bisection compared to baseline (p<0.001); however, there was no significant improvement on the other three neglect tests (p > 0.05). Based on its methodological quality, this study was given a PEDro score of 5. Another longitudinal study involved 14 sessions of OKS for 45 min (total 630 min) over a 3-week period [43] . This study used seven different outcome measures and reported that OKS led to improvements in performance on at least one of the neglect assessment tests compared to baseline scores. The PEDro quality assessment score for this study was 5.
Within Groups Design (N=3)
One paper adopted a cross-sectional design using a single 30-min session of OKS on four neglect tests [17] . This study reported that OKS was more effective in improving behavioural outcomes on the line bisection, reading, cancellation and tactile search tasks (p<0.05) compared to the control group which received VST. However, only a short-term effect was reported as no subsequent follow-up was made. A PEDro score of 4 was given to this study based on its methodological quality.
Finally, two papers included in the review were considered to be relatively poor in terms of methodological quality. The first study failed to report information regarding patients' lesions and the duration of OKS treatment, which was measured using only one neglect test [35] . They reported that OKS led to significant improvements in performance on a visual line bisection task compared to patients with either mixed or rightward OKS (p<0.05). Likewise, the final study in the review failed to report duration of OKS and used only a reading task to measure outcomes [38] . They reported that patients who had received OKS has a significantly fewer omissions during a reading task compared to their baseline scores (p<0.05). These papers both received a PEDro score of 4 based on their methodological quality.
Cognitive and Neural Outcomes
Of the nine papers included in the review, one also included a cognitive outcome by mapping brain functioning before and after the active eye movement therapy. Using fMRI, Thimm et al. [43] reported that reductions in severity of neglect symptoms after OKS was associated with increased activity (bilaterally) in the precuneus and the middle frontal gyrus during a spatial attention task. They also reported increased neural activity in several areas of the left hemisphere, specifically the occipital cortex, middle temporal gyrus, cingulate gyrus and the angular gyrus.
QUADAS-2 Score
We found that 8/9 studies have low risk of bias for the patient flow ensuring consistency in testing between control and patient groups and also in timeliness of testing, with one study being unclear in this domain (see Fig. 2 ). In addition 2/9 studies had low risk of bias in their patient selection (generally consecutive), but the other 7 studies did not report this recruitment method. The index tests for neglect are lesion mapping with the reference standard revealing clear visual field (right sided) neglect in patient groups. It seems that most studies reported knowledge of the patient status prior to the recording of index (5/9 studies) and reference tests (7/9 studies) with other studies being unclear about this.
Discussion
The findings from this review favour pursuit-based rehabilitation interventions in improving outcomes in patients with visual neglect over traditional scanning interventions using saccadic eye movements. Patient improvements in at least one standardised test assessing neglect symptoms (including reading, cancellation, and line bisection tasks) were reported in all nine studies, with both immediate effects noted following a single 30-min session to sustained improvements 2 months after repeated OKS interventions (which amounted to a total of 1000 min of therapy). Only one study reported the effect sizes for the key findings which indicated that although statistically significant improvements were found in patients with visual neglect after receiving OKS therapy, the effect sizes were small to moderate and differed depending on the severity of patients neglect symptoms. Although a few of the papers were deemed to have low methodological quality, evidence indicates that interventions based on pursuit eye movements can improve patients' symptoms of neglect as assessed by standardised neglect tests.
These findings highlighting the effectiveness of pursuit eye movements can have practical implications for the management and rehabilitation of patients with visual neglect. For example, public health services could combine rehabilitation interventions using pursuit eye movements with the assessment of neglect in order to improve outcomes in stroke patients. In addition to the potential benefits at a patient level, using these rehabilitation interventions can reduce the length of time patients spend in hospital following a stroke [9] which can create significant costs for the public health service [33] .
However, there is a caveat to these findings which is worth noting: the effectiveness of any eye movement intervention is dependent on extent of the damage in the right hemisphere as a consequence of stroke [15] as well as the visual acuity of the patients [8] . Symptoms often vary from patient to patient due to the heterogeneous nature of visual neglect and its symptoms [7] . The findings from Kerkhoff et al. [ demonstrated this as effect sizes were greater in those with severe neglect following visual scanning therapy compared to those with mild neglect. Furthermore, these studies excluded patients with any psychological problems such as dementia, limiting the generalizability of the findings from this systematic research review to a specific and potentially very small population. The prevalence of psychological problems such as dementia increase with old age [1] ; therefore, future research should consider including such patients in order to assess the effectiveness of pursuit eye movement interventions on a wider population which would consequently increase the generalizability of findings. Unfortunately, as yet there has been little research investigating the neural and cognitive outcomes of active eye movement therapies. One paper included in this review which did investigate neural activity, reported increased bilateral activity in three brain areas following OKS intervention, as well as increased activity in areas of the left hemisphere [43] . This pattern of activity can be placed in the context of top-down and bottom-up neural processing networks for pursuit and saccadic eye movements, respectively, a distinction which has been demonstrated in studies using fMRI brain scans [34] .
Recent research has highlighted the usefulness of eye movement training as a natural and non-invasive intervention to increase visual awareness through strengthening connections and plasticity in key brain areas involved in producing eye movements and attentional processing, in particular the frontal eye field [44] . As suggested by Thimm et al. [43] using pursuit eye movements as a rehabilitation intervention in patients with neglect may help to re-wire the stroke damaged brain in a way that allows for compensatory strategies to be employed through the recruitment of other brain areas. Indeed, a study by Baumann and colleagues [5] also revealed a significant decrease in BOLD activity (and eye movement performance) in the frontal eye fields, the intraparietal sulcus and the cuneus in patients with cerebellar lesions. These findings also indicate that pursuit training could also provide benefit to patients that have suffered lesions sub-cortically to help restore functioning of this cortical network.
A number of limitations were observed with the studies and the outcomes used in the papers included in this systematic research review. Firstly, there is a lack of randomised controlled trials in research investigating neglect and rehabilitation, with some studies opting for a matched group design. Although this method may be useful in assessing outcomes by categorising patients by the severity of their neglect, using a nonrandomised method can introduce selection bias. This was quantified by the QUADAS tool with over 50 % of the studies revealing a high risk of bias (five studies). The presence of selection bias in research can alter the contribution of unstated factors which is especially important to consider in healthcare research and clinical trials [32] . Therefore, future studies should aim to use a randomised design when allocating participants to experimental and control groups. We also revealed that in all of the studies, the experimenters were either not blinded or were unclear about this when administering reference and/or index tests for spatial neglect, again introducing significant bias into the interpretation of the results (77 % for reference standard and 55 % for the index test). Finally, 89 % of the studies reveal low bias in the flow and timing domain, suggesting that studies did well in ensuring the timing and consistency of the tests were appropriate.
Another limitation which was highlighted during this review was the lack of reference to statistical power regarding the sample. The reported sample sizes ranged from a single case study up to 45 participants; however, these numbers are unlikely to produce adequate statistical power. Therefore, the sample sizes used in the nine papers included in this review are indicative of a reduced likelihood that the significant results reported are reflective of a true effect [6] . Future research should attempt to address this by increasing sample sizes where possible and providing information on statistical power.
In conclusion, based on the findings reported in this review, pursuit eye movement therapies may be more effective than traditional, saccadic-based therapies such as VST in improving behavioural and neural outcomes in patients with spatial neglect following stroke. More studies using a randomised controlled design, larger sample sizes and omissions of experimenter bias are required to further confirm this finding, in addition to using brain imaging techniques (such as fMRI) to investigate the neural effects of active eye movement rehabilitation techniques for spatial neglect. A new direction for future research could be using cognitive and neural brain activity as an outcome to rehabilitation interventions. The theoretical frameworks involved in eye movements (top-down and bottom-up processing) can then be mapped in terms of neural activity involved in patients with visual neglect and performance both pre-and post-intervention.
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